Abstract. Piezoelectric actuators are widespread for the design of micro/nanorobotic tools and microsystems. Studies toward the integration of such actuators in complex micromechatronic systems require the size reduction of these actuators with a large range of performances. Two main fabrication processes are nowadays used for the fabrication of piezoelectric actuators, providing very different behaviors: i) the use of bulk PZT layer, ii) and the use of thin film growth. In this paper, we propose a trade-off between these tow extremes processes and technologies in order to explore new actuators performances. It resulted in the design and fabrication of thick film PZT unimorph cantilevers. They allowed the generation of high performances, both in the static (displacement) and dynamic (first resonance frequency) regimes, in addition to the small sizes. Such cantilevers size are obtained through the wafer scale bonding and thinning of PZT plate onto a SOI wafer. The piezoelectric cantilevers have a PZT layer of 26 µm thickness with a 5 µm thick silicon layer, over a length of 4 mm and a width of 150 µm. The experimental characterization has shown that the static displacements obtained are in excess of 4.8 µm V −1 and the resonance frequency up to 1103 Hz, which are useful for large displacements and low voltage actuators.
Introduction
Miniaturized systems are more and more present in different applications in our everyday's life. These last years, such systems became smaller, smarter, with better performances and more customization which results in an increasing density of functionalities. The related industrial potential is huge and covers a wide range of applications in very different fields such as energy [1] , biology [2] , medicine [3] , instrumentation [4] and robotics [5] , for instance: Optical Coherence Tomography for endoscopes or mini-invasive surgery, energy harvesting, micro-assembly, cell characterization, microspectrometers, implantable optical sensors, optical interconnects, photon counters, etc. This tendency is notably supported by the increasing possibility of clean room microfabrication techniques, integration of active materials and designs based on compliant structures [5, 6] . Nevertheless, the main challenge is the integration of different physical components in such a miniaturized system while allowing highly efficient behavior: for example a large range of motion/deformation, high bandwidth, high stiffness, high resolution, small sizes, low energy consumption, and sensing possibility with the same actuator. Therefore, for such purpose, piezoelectric smart materials are widely used for the design of miniaturized systems thanks to their ability to satisfy most of these requirements [7] and to their easy manufacturability. One of the most utilized structures of piezoelectric systems is the piezoelectric bender which has a cantilever structure. For instance, it can be utilized as actuator in scanning probe microscopes [8] , precise and highly dynamic positioners in micromanipulation and microassembly [9] or actuators for laser scanning in medical applications [10] . Alternatively sensor applications are also concerned, leading to promising sensing studies in the domain of mass detection [11, 12] , biosensors [13, 14, 15, 16, 17] , and even microscale force sensors [18] . Similar technologies are employed for the design of these sensing microsystems, but appear with different shapes and sizes, not only cantilevers.
There are two main ways to fabricate piezoelectric benders:
(i) a bulk approach which enables to have thick actuators (typically more than 200 µm thickness) providing a high inherent stiffness, good dynamics (kHz frequencies range), but small output displacements (typically some tens of µm). The thicknesses of the actuators are such that high voltages (some hundreds of volts) are required to reach the expected displacements. Therefore, to maximize the displacements, the length of the actuator is often increased (in the design step) resulting in quite bulky devices (tens of mm long beam).
(ii) a thin film approach consisting of the deposition of thin layers of piezoelectric materials (typically in the range of some µm). This approach enables the fabrication of very small actuators (often much smaller than a mm). Since the thicknesses are very small, high electrical fields are obtained for the same range of driving voltages as in bulk. Consequently, the fabricated actuators can reach very large displacements (hundreds of µm) with low voltages. Nevertheless, the stiffness obtained with this approach is low which makes it not efficient for actuations that require high torque. Furthermore, the structures are typified by very low dynamics (much less than a kHz).
These two main approaches enable the fabrication of performant actuators but with very different features [19] . There is therefore a high interest to succeed in the fabrication of intermediate structures, relying on "thick film" piezoelectric layers, with thicknesses ranging between 5 and 150 µm, enabling the combination of several interesting performances taken from both thin film (large motions, low voltage, small sizes) and bulk properties (high stiffness and torque, high dynamics). The literature shows different approaches to investigate thick film fabrication, see for instance the survey in [20] . They can be classified into growing techniques (sputtering, chemical solution, deposition or evaporation) [21] , and into subtractive techniques (bulk micromachining with for example wet etching, dry etching). Growing techniques usually enable the realization of films up to 25 µm thicknesses. However, it is difficult to control the crystallography and, therefore, the film properties. As a result, such thick films exhibit a similar performance as thin films. On the other hand, subtractive techniques usually consist of bonding a bulk piezoelectric ceramic onto a substrate (passive or active too) and afterwards thinning the bonded piezoelectric layer. This thinning can either be achieved by wet etching or mechanical thinning. By using wet etching the control of the piezoelectric layer thickness remains a difficult task. In addition, the etched surface shows less performance than conventional bulk material. Mechanical thinning is relatively easy to achieve but the initial bonding of the piezo layer is usually performed at high temperature (up to 550 • C [22, 23, 24] ). Such high temperatures being over the Curie temperature of the piezoelectric material (which is 230 • C in our case) results in the depolarization of the piezoelectric layer. An additional re-polarization step is then required. As explained in [1] , a safe functioning temperature is about half way between 0 • C and the Curie point. For this reason several studies [1, 25, 26] contributed to reduce the temperature bonding down to 110 ∼ 200 • C. However, during the thermocompression bonding process, the difference of thermal dilatation between PZT and silicon (as small as it is) results in residual mechanical stress. This is particularly the case for wafer scale bonding as done here.
In this paper we investigate the fabrication of thick film piezoelectric cantilevers obtained by a bonding process at room temperature (∼ 20 • C) and mechanical thinning of the piezoelectric layer. The aim of this approach is to obtain piezoelectrically actuated structures with low remaining mechanical stress and with very high performances benefit from both bulk properties and thin films properties. Different cantilevers sizes are designed, generating a wide range of performances. Such active structures are essential for integration in complex systems where small sizes and good performances are required.
The remainder of this article is organized as follows. Section-2 provides a performance analysis of unimorph piezoelectric cantilever actuators (chosen as a case of study due to its genericity and widespread use) versus the design parameters. The objective of the analytical linear model is to provide an understanding of the device performance as function of some essential miniaturization parameters, such as device thickness and length. Section-3 presents the microfabrication process used and the fabricated unimorphs. Their performances are experimentally quantified in section-4 to state the validity of the approach. In section-5 the conclusions of the study are presented.
Performances analysis of unimorph piezoelectric cantilever actuators
The unimorph cantilever is a generic structure often used as an actuation device in microsystems, then chosen in this paper as case of study. A unimorph piezoelectric cantilever is composed of two layers: one piezoelectric layer called active layer (for instance based on the lead zirconate titanate or PZT ceramic) and one passive layer, also called elastic layer, made from a non-piezoelectric material (silicon, copper, nickel, chrome for instance). In this paper, the active layer is based on bulk PZT while the passive layer is silicon. A very thin (300 nm) gold layer is used as interface and bond between the silicon and the PZT. It also serves as electrode. Applying an input voltage between the gold electrode and a second electrode (also made of gold) deposited on the top surface of the PZT layer results in an extension/contraction of the piezoelectric layer, and thus in a bending displacement δ of the overall cantilever (see Figure 1 ). The behavior of such cantilevers has been well studied and extrapolated to multilayer cantilevers [27] . We propose here an analysis of the performances of the cantilever according to some essential parameters of miniaturization which are the thicknesses and the lengths of the layers. The aim of the analysis is to show the significance of the approach compared to bulk PZT technology and to thin film technology. 
Theoretical behavior of a unimorph piezoelectric cantilever
From the generalized multimorph piezoelectric equation developed by Ballas in [27] , the equation for a unimorph bulk PZT cantilever can be deduced. Assuming negligible thickness for the gold layer, the static bending displacement δ of the unimorph cantilever at its tip is:
whilst its first resonance frequency is:
where the parameters and their numerical values are listed in Table 1 . The 1.8751 coefficient in Eq. 2 corresponds to the value of a coefficient for the first mode of resonance. For higher modes, this value is different [27] . In the rest of this paper, Eq. 1 and 2 are used to analyze the behavior of a piezoelectric cantilever. Figure 2 (a) displays the theoretical displacement/voltage ratio for a cantilever of 4 mm length as a function of the PZT layer thickness (h p ). h p varies between 0 and 250 µm to cover typical values of different types of unimorphs (from thin film to bulk). The simulations were done for four different silicon layer thicknesses (h s = 1, 10, 50 and 100 µm). The resonance frequencies for the same cantilever dimensions are given in Figure 2(b) .
Standard fabrication of cantilevers utilize bulk PZT layers (thickness > 160 µm). Thin film grown PZT layers usually have a thickness less than 2 µm. The theoretical performance of these two kinds of actuators are shown in Figure 2 . These graphs show that PZT thin films allow the generation of large displacements of the cantilever. However they provide low bandwidth and low stiffness structures. In contrast bulk layers generate small displacements but have a large bandwidth and high stiffness. The goal of this paper is to investigate a new range of piezoelectric actuators with tradeoff performances both in the static and dynamic domains, inherited from the advantages of bulk and thin films. For this purpose, the thinning of the bulk PZT layer is studied, resulting in thick film PZT micro-actuators. 
Design choice
The purpose of the design step is to study a representative set of cantilevers dimensions to show the obtainable trade-off of static and dynamic properties. In order to investigate the range of dimensions between the bulk PZT and the thin films, several cantilevers have been fabricated. Two sets of unimorph piezoelectric cantilevers are studied: one set with a thick silicon layer (50 µm) and the other set with a thin silicon layer (5 µm) for which the thickness of the PZT layer is reduced even more. All these cantilevers are obtained from a thinning process of the bulk PZT layer. The initial thickness (before thinning) of the bulk is 160 µm. The two sets are fabricated from two different SOI (silicon on insulator) wafers with different device layer thicknesses. Each wafer's device layer is used as the silicon passive layer for the cantilever. One set is fabricated on a 50 µm device layer SOI wafer, and the other one uses a 5 µm thickness device layer. In order to carry out experiments with different lengths we also fabricate cantilevers of two sets of lenghts. The first one of 10 mm, and a second set of 4 mm length cantilevers. A list of these fabricated cantilevers is shown in Table 2 , with their reference names that will be used further on in this paper.
Presentation of the microfabrication process
A critical step in the microfabrication process is the bonding of the PZT layer onto the SOI wafer. Existing processes used for the bonding and thinning of bulk PZT, employed temperatures of 110 ∼ 200 • C [1, 25, 26] during the thermocompression step. In order to limit the generation of mechanical stress inside the structure, we propose here to keep the bonding step at room temperature. This is inspired from a process for bonding materials with different thermal expansion coefficients [29] . Thanks to that process, an additional repolarization step is not required, and residual mechanical stress in the designed structure is prevented.
The whole process flowchart is detailed in Figure 3 . It consists of the following steps: One side of the 160 µm bulk PZT is first polished (step 1) with colloidal silica. A thin film (∼ 300 nm) of chromium-gold (Cr-Au) can then be deposited on this polished side, and also on the device layer of the SOI wafer (step 2). The SOI wafer is composed of a 300 µm thick handle layer, a 1 µm buried oxide layer and a 5 µm device layer (or 50 µm for the one used for long cantilevers). The gold layers deposited on the two surfaces will be used for the gold bonding (step 3) between the PZT bulk and the device layer of the SOI wafer. The two gold surfaces are put in contact and compressed together with a wafer bonder for a few minutes at room temperature. Final bonding of the two gold layers is then obtained after compression with a hydraulic press. Mechanical thinning of the PZT layer can then be done with a solution of 9 µm aluminium oxide particle. Once thinned and polished, a top electrode of Cr-Au is deposited (step 4) on top of the PZT layer to create the second electrode. Dicing of the cantilevers is done within step 5 with a saw, and finally released by dry etching through DRIE (step 6) of the SOI handle layer. Figure 4 depicts one group of the fabricated cantilevers, corresponding to the set Long 3 of Table 2 . A profile view of the wafer after gold bonding (step 3) is shown in Figure 4 
Experimental performances quantification
In order to characterize the static performances, a sine input voltage was applied at low frequency (0.1 Hz) with different amplitudes. The bending at the tip of each cantilever is recorded with an optical displacement sensor (laser sensor from Keyence company, with 200 µm range, 10 nm resolution). Figure 5 shows the bending displacement obtained with the Short 3 cantilever (48 µm PZT and 5 µm Si) for different driving voltage amplitudes (from 5V to 40V ). We particularly notice the gain of about 64 µm 40 V ≈ 1.6 µm V −1 of the fabricated cantilevers which is about twice the gain of existing bulk cantilevers (between 0.6 µm V −1 and 1 µm V −1 ) [28] . This figure shows the hysteresis behavior of the cantilever, which is a typical property of PZT ceramics. Figure 6 shows the gain by thinning the PZT layer on the bending displacement. For each experimental result, simulation results using Eq. 1 is also given (dashed lines). Results with the long cantilevers (50 µm Si layer) are shown in Figure 6 (a) while results with the short cantilevers are shown in Figure 6 (b). These figures demonstrate that it is possible to reach the same bending displacement with a short cantilever as with a long cantilever, compare for instance the cantilevers Long 2 and Short 1. Short 1 is almost eight times thinner and more than twice as short as Long 2, however it only requires 1 8 of the input voltage of Long 2 to reach a similar displacement value. Choosing an appropriate design will therefore allow to reduce the sizes of an actuator and to reduce its energy consumption while preserving or even increasing its performance. This can lead to important size reduction of microsystems while simultaneously increasing their capability.
Finally the experimental results are reported in the same graph displaying the displacement/voltage ratio versus the thickness of the piezoelectric layer. Figure 7 shows the theoretical simulation (solid lines) corresponding to the fabricated set of cantilevers and the related experimental results (dots). We also report the resonance frequency of the cantilevers versus the thickness. Figure 8 depicts such resonance frequency where both the theoretical prediction (based on the model in Eq. 1 and Eq. 2) and the experimental results are plotted. The performances of these cantilevers are summarized in Table 3 . These results can be compared with the standard behavior from literature, such as in [28, 30] which used 12 mm length cantilevers with 200 µm thickness PZT layer and 100 µm thickness copper as passive layer. These existing cantilevers generate a displacement of 0.67 µm/V and exhibit a resonance frequency of 716 Hz.
Analysis and discussion
According to these characterizations, the static and dynamic behaviors of the fabricated cantilevers fit very well with the theoretical model described in [27] . This means that the Compared to the results using a bulk PZT layer in [28] .
developed actuators with the new process of microfabrication can still be described with the theoretical model which has been admitted to be precise for bulk piezoelectric materials only. In other words, the bulk properties have not been decreased or lost with the room temperature bonding. The figures also show that thinning the PZT layer substantially contributes to increase the generated displacement in general, even if the thickness of the silicon and the length of the cantilever also affect the performances. However, the resonance frequency decreases with the reduction of the PZT thickness (h p ).
The relationship between the resonance frequency and the displacement to voltage ratio is displayed in Figure 9 for all the fabricated cantilevers. It is compared with the standard values theoretically obtained for both thin film and bulk PZT fabrication processes (calculated with Eq. 1 and 2). As from the figure, we fill the gap between the standard fabricated cantilevers, which results in very good performances compromise both in static and dynamic aspects. Figure 9 : Performances of different unimorph cantilever designs. The squares are the measurements from the cantilevers fabricated in this study. They are compared with simulation results (from Eq. 1 and 2) for bulk PZT and thin film fabrication. Table 4 summarizes the comparison between the three fabrication techniques. Thin film growth focuses on the fabrication of small cantilevers (small length and thickness) for which low energy consumption can be performed with a high generated displacement. On the contrary, bulk PZT layers imply larger structures and need higher voltages to finally generate lower displacements. However unlike thin films, bulk layers permit to have piezoelectric cantilevers with high resonant frequency. The technology proposed here allows a better flexibility by inheriting the advantages of these two technologies: large range of displacement, high bandwidth, small sizes, and low voltage. This is particularly obtained by employing bulk layers, gold-bonding them at low temperature onto silicon layers and thinning them. Piezoelectric layer thickness 0 to 5 µm > 160 µm 5 to 150 µm Cantilever's length < 1 mm > 10 mm few millimeters Maximal voltage range < 10 V 150 V < x < 1 kV 10 V < x < 150 V Generated displacement > 50 µm V −1 < 1 µm V −1 1 µm V −1 < δ < 50 µm V −1 Bandwidth few 100 Hz > 1 kHz 0.5 kHz < f r < 2 kHz
The dimensions targeted by the proposed technology of microfabrication permits a better integration of high performances cantilever structures in microsystems. Time consumption can also be an other element of comparison. The bonding process presented in this paper can be done very rapidly because neither heating nor slow cooling are required for the bonding process.
Conclusion and future works
This paper proposes a new range of piezoelectric actuators size and performances for integration inside complex MEMS. Based on the thinning of piezoelectric bulk material at low temperature, the process permit to maintain the bulk properties such as high stiffness, high bandwidth and benefits from the advantages of thin films piezoelectric such as very high displacement to voltage ratio and small sizes. Several cantilevers of different sizes have been fabricated and tested. The experimental characterization demonstrates the predicted advantages. With such cantilevers, the panel of displacement and frequency is enlarged compared to the existing dimensions. It becomes easier to choose the appropriate dimensions for a specific application. For instance performances from 1.2 µm/V with a 1700 Hz resonance frequency, up to 18 µm/V with a 600 Hz resonance frequency can be reached.
To demonstrate the advantage of such miniaturized cantilevers, the development of more complex structures is currently undergoing. The combination of the proposed bonding process and dry etching of the PZT layer (as used in [31] ) will be used to create a 3DOF Cartesian platform. Future work includes therefore the utilization of the process to develop more complex piezoelectric structures in order to go towards high performances 3D MEMS with spatial integration of actuators.
